First principles density functional calculations for Fe2O3 has been performed over a wide range of pressures. The ground state is corundum-type hematite and is an antiferromagnetic insulator. This is in good agreement with experiment and other theoretical studies. On increasing pressure, the ground-state high-spin magnetic phase transforms to low spin via the closure of the charge transfer gap. The system also evolves to a new orthorhombic structure. Distorted corundum or Rh2O3(II) type structure with Pbcn symmetry and Pbnm type perovskite structure are two known competitive candidates for this structural phase, based on single-cationic type and two-cationic type picture, respectively. In our calculations, at about 38 GPa, Rh2O3(II) type structure becomes more stable with respect to the ground state hematite. Relative stability of Pbnm type perovskite is ruled out by our calculations in this pressure regime. The Rh2O3(II) type structure remains in its low spin state, with 1 µB/Fe atom, up to about 120 GPa. At this pressure the nonmagnetic solution in Rh2O3(II) type structure becomes more favorable with respect to the low spin one. By further increasing the pressure at about 330 GPa, the system evolves to yet another new structural phase. This new orthorhombic structural phase is nonmagnetic and has Pmc21 symmetry, a subgroup of Cmcm. Surprisingly, on furthering rising the pressure, a Pbnm type nonmagnetic solution becomes competitive with the Pmc21 type structure and finally becomes stable at about 880 GPa.
I. INTRODUCTION
Iron (Fe), one of the most abundant element on earth, is believed to contribute significantly to the mantle core characteristics in pure oxide form (FeO, Fe 2 O 3 ) or in mixed oxide forms such as (Mg,Fe)O and (Mg,Fe)SiO 3 . Of these oxides, Fe 2 O 3 shows versatility in it's structural, magnetic and electronic properties. The ambient pressure phase α-Fe 2 O 3 (hematite) is corundum-type and is a wide-gap antiferromagnetic insulator 1 . It becomes weakly ferromagnetic between Morin temperature, T M (=260 K), and Néel temperature, T N (= 955 K), as a result of the canting of the spins of the two sublattices.
Owing to its diverse intriguing properties it drew a significant amount of attention in the scientific community from the sixties. Reid and Ringwood 2 based on McQueen and Marsh's shock-wave experiment 3 proposed a new (denser) structural phase to exist between 60 -120 GPa. In the subsequent years the onset of an high pressure phase at ∼ 50 GPa was confirmed by quite a few studies 4, 5, 6, 7 . However, there was ambiguity concerning the crystal structure of the new phase. While Shannon et. al 4 opted for the distorted corundum (Rh 2 O 3 -II) structure speculating on a single cationic nature of Fe, i.e. Fe 3+ , the group of Suzuki et. al. 6 went with the idea of orthorhombic perovskite structure with ABO 3 formula with a two-type of cationic Fe (Fe 2+ and Fe 4+ ) picture. Room temperature Mössbauer spectroscopy (MS) experiments 6, 8, 9 revealed a non magnetic component at ∼ 50 GPa, coexisting with the magnetic phase. A volume collapse of ∼ 10%, concurrent with the onset of the phase transition at ∼ 50 GPa, corroborating a first order phase transition, was observed by Olsen et. al. 7 . Assuming the two cationic type picture this volume collapse was qualitatively explained by the increase in coordination number (from 6 to 8) in one of the Fe sites.
To resolve the issue of one or two-cationic types and correlate/separate the spin and structural transitions a number of investigations have been done in the more recent years. Of them, X-ray diffraction (XRD), MS at 300K and electrical resistivity measurements by Pasternak et .al. 10 unequivocally assigned high pressure structural phase as the nonmagnetic distorted corundum or Rh 2 O 3 (II) type. They explained the intermediate region between the insulating and metallic region in their electrical resistivity data qualitatively by the coexistence of the insulating corundum phase (denoted HP1 from now on) with the metallic Rh 2 O 3 (II) (denoted HP2 in the following).
Other XRD and X-ray emission spectroscopy (XES) experiments by Badro et .al.
11 could separate the electronic transition from the crystallographic transition. From their XES data it was concluded that the high spin (HS) could be stabilized in the high pressure structural phase, i.e. in HP2 phase, at low temperatures. At high temperatures, however, the low spin (LS) state of HP2 is stable. That this LS state is a weakly paramagnetic one was concluded by the presence of a satellite (Kβ ′ ) in the XES spectra.
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The room temperature Raman spectroscopy study by Shim and Duffy 12 found the upper boundary for this phase transition (where no HP1 signal is left) to be between 54 -56 GPa on compression. While decompressing, however, some (frequency) modes of the HP2 phase survive down to 25 GPa. The combined experimental and theoretical study by Rozenberg et .al. 13 also reported of the sluggishness in the transition from HP1 to HP2. The onset of high pressure phase start at about ∼ 40 GPa and at 76 GPa they could find only the components of the high pressure phase. Their theoretical calculations at 76 GPa predict the stability of the Rh 2 O 3 (II) (i.e. HP2) phase with respect to the orthorhombic perovskite phase (opv in the following).
The XRD study by Ono et .al. 14, 15 suggested that high temperature heating has a major role to play in controlling the phase transition pressure. The phase transition pressure of ∼ 45 -50 GPa at room temperature drops down by about 15 -20 GPa when the samples are heated to overcome the kinetic barriers hindering the transition. Their estimated transition pressure was ∼ 26.2 GPa at 300K. However, in this study they were not conclusive about the crystal structure of the high pressure phase.
There are a few theoretical studies of the Fe 2 O 3 system in the hematite phase. 16, 17, 18, 19 To the best of our knowledge, however, there are no theoretical studies concerning the low and high pressures phases and their stabilities. Neither the issue of transition from HS to LS is addressed. In this work we will shed light on these issues of the Fe 2 O 3 system from first principles approach, based on density functional theory (DFT).
The paper is organized as follows: after a brief discussion of the calculational details we will proceed to the next sections dealing with the results of our calculations. We will start with the ambient pressure phase, α-Fe 2 O 3 at the GGA level. After that we will proceed with two (orthorhombic perovskite, Pbnm type and Rh 2 O 3 (II), Pbcn type) competing candidate structures for the highpressure phase following the hematite one. The next subsection will focus on the theoretical search for the experimentally found, but structurally unresolved, postperovskite type phase. At the end we will comment on the nature of the spin transition and the evolution of the structure. The partial density of states at 0 GPa, for AF1, is shown in the lowest panel of Fig. 2 . From the figure it is evident that the top of the valence band is occupied by the 2p states of O and the 3d states of Fe on an equal basis. The valence and conduction band edges are seperated by a well defined gap of about 0.3 eV. It is to be noted that, all the antiferromagnetic configurations show a similar valence and conduction edges, with similar value of the fundamental gap, while the FM configuration is metallic. The experimental scenario is a bit different: the top of the valence band has mainly O-2p character, and the experimental value of the band gap is 2.0 eV [24] . Both these deficiencies can be attributed to an incomplete treatment of electronic correlation at the LDA or GGA level. Similar results have been reported earlier and, for instance, the calculated values of the band gap is 0.3 eV by employing pseudopotential 16 , 0.75 eV by augmented spherical wave method 18 and 0.51 eV by linear muffin-tin orbital 17 , respectively. The band gap value in a Hartree Fock calculation 19 is instead of grossly overestimated as 11 eV due to the complete neglect of correlation effects. A good representation of the band gap and of the atomic decomposition of the band edge states can be obtained by including strong correlation effects via GGA + U , as can be seen in the upper panels of Fig. 2 . We wish to emphasize here, however, the qualitative agreement of the GGA results with experiments of the basic electronic structure of hematite.
II. CALCULATIONAL DETAILS
To check the relative stability of the different magnetic configurations af finite pressures we have calculated their enthalpies by fully optimizing each of the structures by variable-cell damped dynamics at several pressures. The results are collected in Figure. 3 
B. spin transition
As can be seen in Fig. 3(a) , for all the magnetic phases the value of the magnetic moment per Fe atom remains almost constant at about 3.8 µ B /Fe atom at low pressure (large volumes). With decreasing volume (increasing pressure) there is a sudden collapse in magnetic moment magnitude to ∼ 1µ B /Fe atom.
The relative enthalpy curves of HS and LS phases for the various configurations are depicted in Fig. 3(b) . The crossover from the HS to LS occurs at around 36, 24.5 and 19.5 GPa, for the AF1, AF2, AF3 configurations, respectively, and at ∼ 5 GPa for the FM (not shown in the figure). From this figure it is clear that the AF1 configuration is the most stable one upto a pressure of about 34 GPa, where the FM phase becomes more stable. This trend was also observed by Rollman et.al.. 16 Overall, the computed sequence of relative stability of the different magnetic phases of hematite is in agreement with exper- iment and previous calculations.
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This HS-LS spin collapse at the transition is also accompanied by a sudden change in the magnitude of a number of inter-and intra-octahedral structural parameters. Notable inter-octahedral structural parameters are the (Fe-Fe) short and (Fe-Fe) long distances, which decrease and increase, respectively, at the spin transition as can be seen from Table I . The same was observed by Rollman et.al. 16 in their GGA calculations.
Although also the remote surroundings (i.e. the next to next-nearest neighbors and inter-octahedral distances) have non-negligible effects on the nature of the spin transition, the most significant changes observed at the transition concern mainly the octahedra, as already pointed out by a number of studies. 25, 26, 27, 28, 29, 30, 31 Of the intraoctahedral structural parameters, the average Fe-O bond lengths, as shown in Fig. 3(c) , show a jump from higher to lower values and display two very distinct and well separated slopes in the HS and in the LS configurations.
Two other intra-octahedral structural parameters that displays significant changes at the transition are the Fe-O bond-length distortion and the octahedral-angle variance. Fe-O bond-length distortion, δd F e−O , is defined
|∆d i |, where D is the average (octa- At the spin transition, both the mentioned intraoctahedral structural parameters, δd F e−O and ∆θ 2 , show a jump from a larger to a smaller value as can be seen from Table. I. This indicates that at the spin transition the octahedra become more regular and this happens irrespective of the octahedral surroundings. 33 Moreover, the sudden jump of these parameters can directly be related with the ∼10% volume collapse that is observed for all the magnetic phases at the spin transition.
C. structural transition
Along with the spin transition discussed above, α-Fe 2 O 3 also undergoes structural phase transition/s under pressure and temperature. Two candidate structures for this phase are the orthorhombic perovskite (opv) with Pbnm symmetry and the Rh 2 O 3 (II) with Pbcn symmetry.
In hematite (α-Fe 2 O 3 ), in the corundum structure, the Fe atoms sit inside the cage of a single kind of polyhedra which are octahedra. Each of these octahedra shares three edges and one face with the neighbouring octahedra. Rh 2 O 3 (II) structure with Pbcn symmetry is of the distorted corundum type and also has the same single type octahedral arrangement. Owing to a larger octahedral distortion and rotation of the octahedra in Rh 2 O 3 (II), one of the three sharing edges is broken by the alteration of one of the coordinating oxygens. This crystallographic change is minor as can be seen from the On the other hand, for the pervoskite structure with Pbnm symmetry, there are two types of polyhedral environment surrounding Fe atoms. The six-fold coordinated (octahedra) and the 8-fold coordinated polyhedra are arranged in alternate layers along the z direction. The octahedral connectivity is via corner sharing, while the 8-fold coordinated polyhedra are connected to each other by edge and corner sharing. The interpolyhedral connectivity (between octahedra and 8-fold coordinated polyhedra) is maintained via face and edge sharing.
A Mössbauer spectroscopy study at 300K by Pasternak et. al. 10 showed that the transition from hematite to the high-pressure phase starts at about 45 GPa and completes at about 72 GPa. The existence of opv phase at high-pressure was ruled out by pointing out the single cationic nature of the Fe-ions. Moreover, Fe-ions were characterized as non-magnetic and the magnetic to nonmagnetic transition connected to the structural phase transition. In a later study Badro et. al.
11 could separate the crystallographic transition from the spin transition. According to this study the spin transition is isostructural and takes place in the high-pressure phase. In a more recent study Ono et. al.
14,15 reported the transition pressure to be 26.2 GPa at 300 K. It was concluded there that high-temperature heating played a fundamental role in overcoming the kinetic barrier hindering the phase transition, thus lowering the transition pressure. The combined experimental and theoretical study by Rozenberg et. al. 13 also indicated Rh 2 O 3 (II) as the HP2 phase. The opv phase was found to be higher in energy than the Rh 2 O 3 (II) phase by as much as 25 Ryd/f.u. at 76 GPa. However, no other detailed theoretical study exist on the relative stability of these two phases.
We have calculated the static enthalpies for these two structures, both in FM and AF configurations, for a finite range of pressures. Fig. 5 shows the relative enthalpypressure curves for these two candidate structures along with the AF1 corundum structure. As can be seen from the figure, at low pressures all structures show an HS solution. Corundum in the HS AF1 configuration is the most stable one upto about 34 GPa. At this pressure the enthalpy of corundum in the LS FM configuration becomes lower. This crossover from HS AF to LS FM is also observed for Rh 2 O 3 (II) structure at about 26 GPa (as can be seen from the crossing of the HP2-af-hs and HP2-fm-ls curves in Fig. 5 ). The crossover from HS to LS is also present for opv structure, but only in the octahedral sites. The 8-fold coordinated polyhedra remain in the high spin and hence, overall, the system remain in a kind of intermediate mixed (half HS and half LS) spin state. We mention also that from ∼ 34 GPa to about 38 GPa the LS FM configuration in the corundum structure is the most stable one. After this, in the broad range of pressure from ∼ 38 GPa to almost 120 GPa the Rh 2 O 3 (II) structure in the LS FM configuration is the moste stable. With increasing presssure there is a gradual decrease of magnetization in the system that finally becomes non-magnetic from ∼ 120 GPa onwards. Hence, upto the pressure range shown in this figure, opv does not have any stability region. Therefore, our calculations, in agreement with recent experiments, 10, 11, 16 rule out the two cationic site picture, i.e. opv, and establishes Rh 2 O 3 (II) as the HP2 or next stable phase after the corundum one.. 
D. further structural transitions
The high temperature experiments by Ono et. al.
14 reported of another structural phase transition after the HP2 phase. Their data show that the transformation of this phase begins at around 60 GPa and 2500K. They identified this phase as CaIrO 3 type with Cmcm symmetry. However, this designation was made without a detailed structural analysis in analogy to other systems. The prototype sesquioxide, Al 2 O 3 , for instance, having corundum structure at ambient conditions, undergoes a structural transformation from Rh 2 O 3 (II) type phase to a post-perovskite one of CaIrO 3 type, and this structure has been found as the post-perovskite phase in most of the instances of post-perovskite phases discovered till today [see Ref. 34 and references therein]. In Fe 2 O 3 , being another sesquioxide, it is therefore natural to explore the possible higher pressure phases starting with CaIrO 3 structure with Cmcm symmetry (denoted as HP3 from here). In terms of polyhedral arrangements this structure has two types of polyhedral arrangements, i.e. octahedra and 8-fold coordinated polyhedra. The difference with respect to the Pbnm type structure is that there is no longer any inter-layer octahedral connection. Instead alternate layers of octahedra and 8-fold coordinated polyhedra form the structure as shown in Fig. 6(a) . In Fig. 7 , one can see that around 200 GPa both opv and the HP3 phases are in the intermediate spin state (Fe in the octahedral cage is in low spin state, while it is in a high-spin state when 8-fold coordinated to Oxygen) and are dynamically stable. However, upto about 337 GPa, the enthalpy of the nonmagnetic HP2 phase is lower. From 337 GPa onwards, the enthalpy of the nonmagnetic phase of a new structure 35 crosses the HP2 one. This new structure, denoted HP4 in the following, has Pmc2 1 symmetry with an orthorhombic unit cell consisting of 20 atoms. Pmc2 1 is a subgroup of Cmcm. The 4c,4a and 8f Wyckoff positions in Cmcm are split into 2a and 2b Wyckoff positions in Pmc2 1 space group. This splitting of the symmetry positions leads to different kind of polyhedral arrangement in the new phase. Instead of alternate layers of octahedra and of 8-fold coordinated polyhedra as in Cmcm, the arrangement in Pmc2 1 corresponds to alternate layers of octahedra and of 7-fold coordinated polyhedra. Compariing HP4 with HP3, it can be seen from Fig. 7 that the AF HP3 curve, labelled HP3-af-is, crosses the non-magnetic HP4 curve (HP4-non-mg) at ∼ 225 GPa. This newly achieved structural phase (HP4) remains stable for a wide pressure range. At much higher pressures, however, the enthalpy of the nonmagnetic opv phase becomes competitive and finally becomes the stable structure at about 880 GPa.
Experimentally, 14 a post-perovskite type phase was obtained at pressure ( 60 GPa at 2500K) much below the one achieved here by our calculations, where the post-perovskite phase is stable with respect to the Rh 2 O 3 (II) phase only beyond 330 GPa. High temperature heating likely plays a role in reducing the experimental transition pressure. For instance, for the structural transition from corundum-type to Rh 2 O 3 (II), the transition pressure drops from 46 GPa to 26 GPa when the samples are laser heated from room temperature to about 2500K. 11, 14, 15 We notice that the Cmcm type postperovskite structure proposed (without structural determination) by Ono. et .al . 14, 15 is never the stable one in Fig. 8 , shows that at the transition, the dband width increases substantially. Our explanation for this goes as: with increasing pressure the O atoms gets closer to the Fe atoms. This induces enhancement in the octahedral crystal field splitting of the triply degenerate t 2g and doubly degenerate e g levels. At some point in the pressure scale the strength of the crystal field energy overcomes the exchange energy and the Fe atoms transit from a state with 3 t 2g 2 e g configuration to a state with 5 t 2g 0 e g . Also, it can be seen from Fig. 5 that in terms of magnetic state the system exists in three distinct regions, i.e., with HS, LS and nonmagnetic. The transition from LS to the nonmagnetic state is rather gradual. This happens only when the hybridization strength between Fe-3d and O-2p levels overcomes the crystal field energy.
To explain how the structure evolves, we present the sequence of basic polyhedral network from hematite to Pmc2 1 type structure through Rh 2 O 3 (II) structure in Fig. 9 . The face sharing network in between ocathedron 1 and 2 in hematite is retained in Rh 2 O 3 (II). However, the edge sharing network between octahedron 2 and 3 of hematite is broken and instead a corner sharing bonding is formed between octahedron 3 and 4 in Rh 2 O 3 (II). In the transition from Rh 2 O 3 (II) to the Pmc2 1 structure, the face sharing network between octahedron 1 and 2 of Rh 2 O 3 (II) is broken and the rearrangement of the internal parameters leads to two kinds of polyhedral connectivity, one with 6-fold coordination (2 and 4) and the other with 7-fold coordination (1 and 3) .
IV. CONCLUSION
In this work, systematic density functional calculations of Fe 2 O 3 have been performed over a wide range of pressure. Corundum type phase displays high-spin to low-spin transition for all magnetic configurations. This corundum type phase transforms to a distorted corundum or Rh 2 O 3 (II) type phase at about 38 GPa while Pbnm type perovskite structure don't have any stability field in this pressure regime. The phenomenon of spin transition is also present in Rh 2 O 3 (II) structure. On increasing pressure, our calculations identify a new structure with Pmc2 1 symmetry, a subgroup of Cmcm, as the post-perovskite structure, while the experimentally proposed Cmcm phase is never the most stable one. Our calculations also show that the orthorhombic perovskite type structure with Pbnm symmetry might have a stability field at extremely high pressures.
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